 {#psp412218-sec-1001}

Study Highlights**WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?**☑ LEM is a rare autoimmune disorder with debilitating muscle weakness and, although approved therapy exists in Europe, there is currently no US Food and Drug Administration approved therapy in the United States.**WHAT QUESTION DOES THIS STUDY ADDRESS?**☑ This study sought to perform a PK/PD analysis of 3,4‐DAP free base in patients with LEM using 3TUG as a measure of mobility.**WHAT THIS STUDY ADDS TO OUR KNOWLEDGE**☑ This study shows that 3TUG is a useful measure to assess the improvement in disease‐related weakness in patients with LEM. This analysis identified potential sources of variability in the PK/PD of 3,4‐DAP free base and its dosing in patients with LEM.**HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT, AND/OR THERAPEUTICS?**☑ This study showed that 3TUG may be used as a useful measure of drug efficacy in patients with LEM. A concentration‐response relationship was observed with 3,4‐DAP free base in patients with LEM using the 3TUG assessment. The PK/PD model developed in this study helped us to identify a suggested dosing approach for 3,4‐DAP free base.

Lambert‐Eaton myasthenia (LEM) is a rare autoimmune disorder of the neuromuscular junction that results in debilitating muscle weakness and impaired mobility.[1](#psp412218-bib-0001){ref-type="ref"} The estimated incidence is reported to be 0.48 per million.[2](#psp412218-bib-0002){ref-type="ref"} In patients with LEM, autoantibodies are generated against the voltage‐gated calcium channels of the presynaptic neuronal membrane, which impairs calcium entry into the motor nerve terminal, and reduces the normal release of acetylcholine from synaptic vesicles.[3](#psp412218-bib-0003){ref-type="ref"}, [4](#psp412218-bib-0004){ref-type="ref"} In patients with LEM, weakness typically involves proximal weakness in the shoulders and hip girdle resulting in difficulty walking and climbing stairs, and falls. The rate of disease progression over 6 months is much higher in patients with small cell lung cancer‐LEM than in patients with nontumorous LEM.[2](#psp412218-bib-0002){ref-type="ref"}, [5](#psp412218-bib-0005){ref-type="ref"} The investigational orphan drug, 3,4‐diaminopyridine (3,4‐DAP) free base, is reported to improve LEM‐related muscle weakness.[6](#psp412218-bib-0006){ref-type="ref"} 3,4‐DAP phosphate is currently approved by the European Medicines Agency for treatment of LEM, but there is currently no approved treatment for LEM in the United States.

3,4‐DAP blocks the presynaptic voltage‐gated potassium channels resulting in a prolonged action potential and increased influx of calcium, which facilitates the release of acetylcholine from the motor nerve terminal.[7](#psp412218-bib-0007){ref-type="ref"}, [8](#psp412218-bib-0008){ref-type="ref"} The dose of 3,4‐DAP is typically titrated to effect.[9](#psp412218-bib-0009){ref-type="ref"} 3,4‐DAP free base is predominantly metabolized to its pharmacologically inactive metabolite, 3‐N‐acetyl‐3,4‐diaminopyridine (3‐Ac DAP), by N‐acetyl transferases and \>80% of the administered drug is excreted through renal elimination as 3‐Ac DAP.[10](#psp412218-bib-0010){ref-type="ref"}, [11](#psp412218-bib-0011){ref-type="ref"} 3,4‐DAP free base is reported to have a moderate steady--state volume of distribution (159 L), a high clearance (118 L/h), and a half‐life of ∼0.5--2 hours.[12](#psp412218-bib-0012){ref-type="ref"} After oral administration, peak clinical effects are seen within 1.5 hours and are maintained for 3--8 hours.[13](#psp412218-bib-0013){ref-type="ref"} In clinical practice, individualized dose titration is used to establish the effective dose for each patient and daily doses of ≤100 mg are typically used due to concerns that seizures could be related to higher doses. The optimal dosing regimen remains uncertain.

To date, five double‐blind randomized, controlled trials have favorably supported the effectiveness of 3,4‐DAP in patients with LEM.[12](#psp412218-bib-0012){ref-type="ref"}, [14](#psp412218-bib-0014){ref-type="ref"}, [15](#psp412218-bib-0015){ref-type="ref"}, [16](#psp412218-bib-0016){ref-type="ref"}, [17](#psp412218-bib-0017){ref-type="ref"} One of these studies sought to investigate whether the combination of 3,4‐DAP and pyridostigmine leads to an improvement in LEM symptoms.[12](#psp412218-bib-0012){ref-type="ref"} After i.v. administration of both drugs, given alone and in combination, to 9 patients with LEM, the pharmacokinetic (PK) and pharmacodynamic (PD) analyses demonstrated that 3,4‐DAP, but not pyridostigmine, resulted in a significant improvement in muscle strength and the electrophysiological measure‐compound muscle action potential. All of these studies suggest that 3,4‐DAP is usually well‐tolerated with minimal adverse events and results in a significant improvement in isometric muscle strength and LEM symptoms. Total daily doses of up to 100 mg were reported, although lower doses sufficed for some patients.[14](#psp412218-bib-0014){ref-type="ref"} Further investigations are needed to determine the concentration‐response relationship of oral 3,4‐DAP free base in a larger cohort of patients with LEM to evaluate whether any clinical covariates explain between‐subject variability (BSV) in PK/PD parameters, and to provide dosing recommendations.

In addition to the five studies noted above, a recent double‐blind, randomized, placebo‐controlled phase II study sought to evaluate the PK/PD profile of 3,4‐DAP free base in patients with LEM treated for at least 3 continuous months.[18](#psp412218-bib-0018){ref-type="ref"} Drug efficacy during gradual withdrawal of 3,4‐DAP was measured using the triple Time Up & Go test (3TUG). The TUG test has a long history of successful implementation in geriatric studies and measures a patient\'s ability to arise from the chair, walk for a short distance, return to the chair, and sit back down.[19](#psp412218-bib-0019){ref-type="ref"}, [20](#psp412218-bib-0020){ref-type="ref"}, [21](#psp412218-bib-0021){ref-type="ref"}, [22](#psp412218-bib-0022){ref-type="ref"}, [23](#psp412218-bib-0023){ref-type="ref"} The 3TUG, a modification in which the TUG is repeated three times without rest, was felt to be an ideal measure of LEM‐related weakness because it directly assesses proximal lower extremity muscle weakness, a typical and often debilitating feature of LEM. The primary study endpoint was a 30% deterioration in 3TUG following dose tapering.

The purpose of our analysis was to develop a population PK/PD model of orally administered 3,4‐DAP free base using data obtained from this phase II trial in patients with LEM. The final population PK/PD model was applied to perform simulations to evaluate the predicted improvement in 3TUG response with varied 3,4‐DAP free base doses.

MATERIALS AND METHODS {#psp412218-sec-0002}
=====================

Patient population {#psp412218-sec-0003}
------------------

The data used to develop the PK and PD models in this study were collected through a multicenter, inpatient, double‐blind, placebo‐controlled withdrawal study of 3,4‐DAP free base performed in patients with known LEM (clinicaltrials.gov no. NCT01511978). Patients enrolled in this study had an established diagnosis of LEM and were on continuous use of 3,4‐DAP free base provided by Jacobus Pharmaceutical Company through physician‐held investigational new drug protocols for at least 3 months (use of a minimum of 3 doses per day with no single dose \<10 mg of 3,4‐DAP free base). Additional study details are available in **Supplementary Information S1**.

Study design, drug dosing, and 3TUG assessment {#psp412218-sec-0004}
----------------------------------------------

Patients meeting the inclusion criteria were either randomized to maintain their current dosing regimen (group A) or withdrawn from 3,4‐DAP free base treatment (group B). The primary endpoint of the study was a \>30% deterioration in 3TUG from baseline following dose tapering.

The study consisted of three consecutive inpatient stages. Briefly, during stage 1, patients were admitted for 2½ days of testing on their stable prestudy treatment regimen to establish each patient\'s baseline (first half day for acclimation to the testing facility). During this stage, patients who were on their usual doses, and were unable to attain a target 3TUG response (as measured by ≥27% improvement compared to the 3TUG before the first morning of the 3,4‐DAP dose on 2 consecutive days or ≥30% improvement after the first morning, afternoon, or evening dose on day 1 plus ≥12% improvement after the first dose on day 2) following administration of 3,4‐DAP free base, were considered to be "screening failure" patients. During stage II, patients were randomized to continuation of their 3,4‐DAP free base treatment regimen or a tapered withdrawal. The double‐blind withdrawal stage lasted up to 3½ days. Throughout the study, the patients in group A continued to receive their stable individualized doses, as suggested by their own neurologists. A patient who was randomized to withdraw 3,4‐DAP free base (group B) received identical tablets on the same schedule and in the same number that they received during the baseline period, with sequentially lower doses of 3,4‐DAP free base and ending the series with placebo. During stage III, all patients had their prestudy treatment regimens reinstituted, and remained at the facility for up to half a day of monitoring and additional testing pending improvement or sufficient recovery on 3TUG. Whole blood samples for assessments of plasma drug concentrations were obtained at −30, +30, +90, and +150 minutes around each dose on the second day of stage I, including time points that correspond with 3,4‐DAP trough and peak measurements. During stage II and for the first dose of stage III, sampling was limited to −30 and +90 minutes around each dose of the day (**Supplementary Figure S1**).

The 3TUG was assessed as the average of three consecutive TUG laps without rest. For each lap, the patient is required to stand up from an armchair and then walk at normal pace to a line 3 meters (∼10 feet) from the front of the chair, turn around, return to the chair, and sit back down. The 3TUG was performed six times per day (prior to and about 2 hours after the first doses after 12 [am]{.smallcaps}, 12 [pm]{.smallcaps}, and 5 [pm]{.smallcaps}).

Analytical methods {#psp412218-sec-0005}
------------------

PK samples were shipped to the University of Florida (Gainesville, FL) and were analyzed using a validated liquid chromatography‐tandem mass spectrometry method. The lower limit of quantification was 0.5 ng/mL and a nitrogen‐15 stable isotope labeled with 3,4‐DAP was used as an internal standard. Additional details of the analytical method are available in **Supplementary Information S1**.

Determination of acetylator status {#psp412218-sec-0006}
----------------------------------

Genomic DNA was isolated from lymphocytes in whole blood using the Qiagen DNA Blood Isolation Kit (Qiagen, Valencia, CA). The N‐acetyltransferase 2 (NAT2) single nucleotide polymorphisms (SNPs) were genotyped using TaqMan allelic discrimination (Applied Biosystems, Foster City, CA). Acetylator status was inferred using NAT2‐specific SNPs.[24](#psp412218-bib-0024){ref-type="ref"}, [25](#psp412218-bib-0025){ref-type="ref"} Additional details of the NAT2 SNPs evaluated are available in **Supplementary Information S1**.

Population PK/PD model development {#psp412218-sec-0007}
----------------------------------

A sequential population PK/PD model was developed using the plasma concentrations of 3,4‐DAP and 3‐Ac DAP, and the 3TUG measurements. The nonlinear mixed effects modeling software NONMEM version 7.3, was used (ICON Development Solutions, Ellicott City, MD). The first‐order conditional estimation method with interaction was implemented for all model runs. Run management was performed using Pirana version 2.9.2.[26](#psp412218-bib-0026){ref-type="ref"} Visual predictive checks (VPCs) and bootstrapping was performed using Perl‐speaks‐NONMEM version 3.7.6.[27](#psp412218-bib-0027){ref-type="ref"} Data manipulation and visualization was performed using the software R version 3.2.0 (R Foundation for Statistical Computing, Vienna, Austria) and RStudio version 0.99.442 (RStudio, Boston, MA); with the lattice, xpose4, and ggplot2 packages used for the latter.[28](#psp412218-bib-0028){ref-type="ref"}, [29](#psp412218-bib-0029){ref-type="ref"}, [30](#psp412218-bib-0030){ref-type="ref"} For PK analysis of below the quantification limit (BQL) samples, a zero value was used for both the parent and metabolite. Additionally, the final population PK model parameter estimates were evaluated after discarding the BQL data. The molecular weights of 3,4‐DAP and 3‐Ac DAP (109.13 g/mol and 151.18 g/mol, respectively) were used for conversion to nM such that concentrations in ng/mL are nM\*109.13/1000 for 3,4‐DAP and nM\*151.18/1000 for 3‐Ac DAP.

In the PK analysis, 3,4‐DAP and 3‐Ac DAP concentrations were modeled simultaneously. One and two‐compartment models were tested for both the parent and metabolite. The structural model was selected based on an assessment of the objective function value (OFV), precision of parameter estimates, diagnostic plots, and model stability. Given that 3,4‐DAP is largely converted to 3‐Ac DAP, the fraction of parent converted to metabolite (F~m~) was fixed to 1 to obtain an identifiable model.[11](#psp412218-bib-0011){ref-type="ref"} Thus, all clearance and volume parameters for 3‐Ac DAP are relative to the F~m~ and the bioavailability of 3,4‐DAP (F), which we summarized as F~3ACDAP~ (the product of F~m~ and F).[31](#psp412218-bib-0031){ref-type="ref"} Once the PK model met acceptance criteria, the individual PK estimates were fixed and the PD analysis was performed.

The PD component of the model was described by a fractional inhibitory maximum effect (E~max~) model (Eq. [(1)](#psp412218-disp-0001){ref-type="disp-formula"}). $$Effect = E_{0}\ast\left\lbrack {1 - \frac{E_{max} \ast C_{p}}{EC_{50} + C_{p}}} \right\rbrack$$Where *E~0~* is the baseline 3TUG in the absence of 3,4‐DAP, *E~max~* is the fraction of maximum effect from the baseline, *EC~50~* is the 3,4‐DAP concentration that produces 50% of *E~max~*, and *C~p~* is the predicted plasma concentration. BSV in PK/PD model parameters was assessed using an exponential relationship (Eq. [(2)](#psp412218-disp-0002){ref-type="disp-formula"}). An exception was that a logit transformation was used to estimate BSV for E~max~ while constraining individual E~max~ values between 0 and 1.[32](#psp412218-bib-0032){ref-type="ref"}, [33](#psp412218-bib-0033){ref-type="ref"} $$P_{ij} = \theta_{Pop,j}\ast exp\left( \eta_{ij} \right)$$Where *P~ij~* denotes the estimate for parameter *j* in the *ith* individual; *θ~Pop,j~* is the population value for the parameter *j*; and *η~ij~* denotes the deviation from average population value for parameter *j* in the *ith* individual with a mean of zero and variance of ω^2^. Initially, BSV was estimated for all 3,4‐DAP and 3‐Ac DAP parameters, and then an assessment of between‐subject random effect (η)‐shrinkage and model stability was used to determine which BSV parameters should be retained in the model. The covariance between BSV parameters for clearance and volume of distribution was estimated and a correlation coefficient was calculated.[32](#psp412218-bib-0032){ref-type="ref"} A proportional residual error model was used for both 3,4‐DAP and 3‐Ac DAP, and separate parameters were estimated for 3,4‐DAP and 3‐Ac DAP. As the study consisted of three consecutive inpatient stages, we evaluated the interoccasion variability in clearance for 3,4‐DAP using the base and final models.

Covariate analysis {#psp412218-sec-0008}
------------------

Covariates were analyzed for inclusion in the PK and PD components of the model. Visual inspection was performed using box and scatter plots (for categorical and continuous covariates, respectively) of the individual deviations from typical population values in the PK and PD parameters (ETAs) against covariates. In the population PK model, the following covariates were explored: genotype, total body weight (TBW), serum creatinine (SCR), age, and gender. In the population PD model, the following covariates were explored: acetylator status, TBW, SCR, age, gender, pyridostigmine comedication, and acetaminophen comedication. A forward inclusion (*P* \< 0.05 and ΔOFV \>3.8) and backward elimination (*P* \< 0.01 and ΔOFV \>6.6) approach was used to evaluate statistical significance for inclusion of covariates in the model. Descriptive statistics of the individual empirical Bayesian estimates (EBEs) were calculated.

The relationship between TBW and PK parameters specifically was evaluated using an allometric relationship for clearance parameters (systemic clearance (CL/F), intercompartmental clearance (Q/F), and metabolite clearance (CL~m~/F~3ACDAP~)) and a linear scale for volume parameters (V/F for one‐compartment model; central compartment volume (V~c~/F) and peripheral compartment volume for 2‐compartment model; Eqs. [(3)](#psp412218-disp-0003){ref-type="disp-formula"} and [(4)](#psp412218-disp-0004){ref-type="disp-formula"}). Fixed exponents of 0.75 and 1 for clearance and volume parameters, respectively, were applied.[34](#psp412218-bib-0034){ref-type="ref"}, [35](#psp412218-bib-0035){ref-type="ref"} $$CL/F~ = CL_{std}\ast\left( \frac{WT_{i}}{WT_{m}} \right)^{0.75}$$ $$V/F~ = V_{std}\ast\left( \frac{WT_{i}}{WT_{m}} \right)^{1}$$Where *CL~std~* and *V~std~* denote the population estimates of *CL/F* and *V/F*, respectively, *WT~m~* denotes the median TBW of the evaluated patients, and *WT~i~* represents the TBW for the *ith* patient.

Other continuous and categorical covariates were tested using a power model and centered using the median covariate value for the sample (Eqs. [(5)](#psp412218-disp-0005){ref-type="disp-formula"} and [(6)](#psp412218-disp-0006){ref-type="disp-formula"}). $$P_{ij} = \theta_{Pop,j}\ast\left( \frac{cov_{i}}{cov_{m}} \right)^{\theta_{cov}}$$ $$P_{ij} = \theta_{Pop,j}\ast{\theta_{cov}}^{\, cat}$$Where *cov~i~* represents the individual covariate value; *cov~m~* denotes the median covariate value of population; *θ~cov~* is a parameter that denotes the covariate effect; and *cat* is a categorical variable that takes a value between 0 and 1 for the categorical covariates (comedication administered, genotype status, and assisted status) analyzed. For example, the categorical variable takes a value of 1 when comedication was administered and 0 when comedication was not administered.

Population PK/PD model evaluation and validation {#psp412218-sec-0009}
------------------------------------------------

Standard model diagnostic methods were used for the assessment of PK/PD model performance, including successful minimization, evaluation of diagnostic plots, plausibility and precision of parameter estimates, changes in the OFV and shrinkage values.[36](#psp412218-bib-0036){ref-type="ref"} Precision of population PK and PD parameters were evaluated using nonparametric bootstrapping (500 replicates) to generate 95% confidence intervals of the parameter estimates. The VPCs for the base and final models were performed by generating 1,000 Monte Carlo simulation replicates per time point. Additional details of the diagnostic and VPC plots generated are available in **Supplementary Information S1**.

Dosing simulations {#psp412218-sec-0010}
------------------

The final PK/PD model was used to perform dosing simulations. A virtual population of 50 patients (49 patients in the current study plus 1 patient with a 70 kg standardized patient weight) was simulated 1,000 times for each dosing regimen evaluated. Based on the typical doses and dosing frequency used in the clinic, the following dosing regimens were simulated: 5, 10, 20, and 30 mg administered 3 times daily; 15, 20, and 30 mg administered 4 times daily; 15 and 20 mg administered 5 times daily; and 20 mg administered 6 times daily. The parameters obtained from PK simulations were used to simulate the concentration vs. 3TUG responses. The percentage of 3TUG improvement following steady‐state dosing was calculated for each virtual patient based on their respective model‐generated baseline (E~0~). The percentage of virtual patients that achieved a greater than 10%, 20%, 30%, and 50% improvement in 3TUG at any of the simulated time points (0.5, 1, 2, 3, 4, 5, 8, 10, 14, 16, 20, 22, and 24 hours) within the dosing was computed for each dosing regimen. Similarly, the number of patients that achieved a greater than 10%, 20%, 30%, and 50% sustained improvement in 3TUG at all the simulated time points was also computed for each dosing regimen.

RESULTS {#psp412218-sec-0011}
=======

Patient characteristics {#psp412218-sec-0012}
-----------------------

A total of 1,270 samples collected from 49 patients receiving oral 3,4‐DAP were included in the population PK analysis. A summary of clinical and laboratory data for all patients is provided in **Table** [1](#psp412218-tbl-0001){ref-type="table-wrap"}. The median (range) single dose of 3,4‐DAP taken at baseline when entering the study was 20 mg (range, 10--30 mg). The 3TUG data was available from 32 patients who were randomized to continue treatment or taper 3,4‐DAP. All 1,091 available 3TUG data points for the 32 randomized patients were used for the PK/PD analysis. The median of 3TUG assessments per patient was 36 (range, 27--37). The median total daily 3,4‐DAP dose taken by the 32 randomized patients was 80 mg (range, 30--100 mg). A total of 26 (2%) PK samples were BQL for 3,4‐DAP and none for 3‐Ac DAP. The median number of PK samples per patient, including screening failures, was 29 (range, 4--59). Genotyping was performed on 11 (22%) study patients: 5 (10%), 5 (10%), and 1 (2%) were slow, intermediate, and rapid acetylators, respectively. For the remaining patients (38 (78%)), genotype data were not available.

###### 

Clinical data

  Covariate[^a^](#psp412218-note-0002){ref-type="fn"}   No. of patients[^b^](#psp412218-note-0003){ref-type="fn"}   Median (range) or count (%)
  ----------------------------------------------------- ----------------------------------------------------------- -----------------------------
  Age, years                                            49                                                          60.0 (23.0--83.0)
  Weight, kg                                            49                                                          82.6 (45.8--131.5)
  Serum creatinine, mg/dL                               49                                                          0.8 (0.5--1.5)
  BUN, mg/dL                                            49                                                          13.0 (3.0--23.0)
  AST, U/L                                              43                                                          24.0 (10.0--50.0)
  ALT, U/L                                              43                                                          22.0 (9.0--58.0)
  Total bilirubin, mg/dL                                43                                                          0.6 (0.2--1.9)
  Direct bilirubin, mg/dL                               6                                                           0.2 (0.1--0.5)
  ALP, IU/L                                             43                                                          60.0 (38.0--215.0)
  Albumin, g/dL                                         43                                                          4.0 (3.1--5.0)
  Hemoglobin, g/dL                                      49                                                          14.2 (8.6--17.1)
  Male sex                                              49                                                          23 (47%)
  White race                                            49                                                          46 (94%)
  Hispanic ethnicity                                    49                                                          1 (2%)

ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen.

^a^Descriptive statistics are calculated based on values at the time of the first recorded dose.

^b^No. of patients signifies the number of patients with a measurement available for each respective variable. Forty‐nine and 32 patients contributed pharmacokinetic (PK) and pharmacodynamic data, respectively. The data for all 49 patients used for population PK model development are reported in this table.

Population PK model development and evaluation {#psp412218-sec-0013}
----------------------------------------------

The 3,4‐DAP and 3‐Ac DAP plasma concentration vs. time data are shown in **Figure** [1](#psp412218-fig-0001){ref-type="fig"}. A two‐compartment model for 3,4‐DAP and a one‐compartment model for 3‐Ac DAP described the PK data well. A summary of the covariate analysis for the PK model is presented in **Supplementary Table S1**. During the univariable analysis, TBW on CL/F, V~p~, and CL~m~/F~3ACDAP~ caused the highest drop of 11.6 points in the OFV, despite no additional parameters being estimated. Thus, all additional covariate relationships were evaluated after accounting for TBW on these parameters. In the multivariable analysis step, inclusion of SCR on CL~m~/F~3ACDAP~ caused a further drop in OFV (8.5 points). Inclusion of the effect of SCR on CL~m~/F~3ACDAP~ reduced the BSV on this parameter from 42.2% to 38.6%. This indicates that changes in renal function may explain a relatively small amount of the BSV in the clearance of 3‐Ac DAP for these study subjects. Thereafter, genotype on CL/F caused a further drop in the OFV; however, it was removed from the model in the backward elimination step due to a less than significant increase in the OFV (+5.0 points).

![(**a**) 3,4‐diaminopyridine (3,4‐DAP) and (**b**) 3‐N‐acetyl‐3,4‐diaminopyridine (3‐Ac DAP) concentration (nM) vs. time after last dose (h) for all patients. The solid line represents the loess curve and the dashed lines represent the 2.5th and 97.5th percentiles of 3,4‐DAP and 3‐Ac DAP concentrations. The molecular weights of 3,4‐DAP and 3‐Ac DAP (109.13 g/mol and 151.18 g/mol, respectively) were used for conversion to nM such that concentrations in ng/mL are nM\*109.13/1000 for 3,4‐DAP and nM\*151.18/1,000 for 3‐Ac DAP.](PSP4-6-625-g001){#psp412218-fig-0001}

The population PK parameter estimates and bootstrap analysis are summarized in **Table** [2](#psp412218-tbl-0002){ref-type="table-wrap"}. For the power function describing the effect of SCR on CL~m~/F~3ACDAP ~, the observed exponent for SCR is positive; however, as implemented, the relationship predicts a decrease in CL~m~/F~3ACDAP~ with SCR increases. The η‐shrinkage for K~A~, CL/F, V~c~/F, Q/F, V~p~/F, and CL~m~/F~3ACDAP~ in the final model was 28%, 26%, 38%, 31%, 1%, and 5%, respectively. The ɛ‐shrinkage was 17%. The final population PK model parameters were estimated after discarding the BQL data and there were only minor changes in the parameter estimates. For the final model, the interoccasion variability in clearance was low (8%) and, thus, was not included in the final model.

###### 

Population PK parameter estimates and bootstrap analysis results for the final model

                                                                      Final model   Bootstrap[^b^](#psp412218-note-0005){ref-type="fn"}                   
  ------------------------------------------------------------------- ------------- ----------------------------------------------------- ------- ------- -------
  K~A~, h^−1^                                                         0.9           8.9                                                   0.6     0.9     1.1
  CL/F, L/h                                                           90            7.4                                                   71.6    88.0    107.7
  V~c~/F, L                                                           24            33.3                                                  1.2     16.8    72.6
  Q/F, L/h                                                            111           12.1                                                  71.1    105.3   147.7
  V~p~/F, L                                                           669           17.6                                                  425.0   623.4   902.2
  CL~m~/F~3ACDAP ~, L/h                                               20.5          6                                                     17.8    20.5    23.3
  V~m~/F~3ACDAP ~, L                                                  36            10.7                                                  28.3    36.9    52.3
  Exponent for SCR on CL~m~/F~3ACDAP~ ^c^                             0.7           31.8                                                  0.3     0.7     1.1
  Between subject variability (%CV)                                                                                                                       
   K~A~, %                                                            36.2          47.3                                                  8.2     35.6    70.3
   CL/F, %                                                            48.1          28.9                                                  33.5    47.6    61.6
   V~c~/F, %                                                          182.4         36                                                    100.7   208.5   401.1
   Q/F, %                                                             48.7          44.3                                                  25.6    49.6    79.1
   V~p~/F, %                                                          89.8          41.8                                                  44.7    80.7    119.9
   CL~m~/F~3ACDAP~, %                                                 38.6          21.3                                                  27.7    37.3    44.8
   CL/F‐V~c~/F covariance[^d^](#psp412218-note-0005){ref-type="fn"}   0.5           42.4                                                  −0.4    0.6     1.4
  Residual error                                                                                                                                          
   3,4‐DAP proportional error, %                                      34.8          16.7                                                  29.2    34.3    42.1
   3‐Ac DAP proportional error, %                                     20.1          12.7                                                  17.8    19.9    23.3

3‐Ac DAP, 3‐N‐acetyl‐3,4‐diaminopyridine; 3,4‐DAP, 3,4‐diaminopyridine; CL/F, CL~m~/F~3ACDAP~ , and Q/F, apparent oral clearance (L/h) for parent, metabolite, and intercompartment clearance (L/h), respectively; CV, coefficient of variation; F~3ACDAP~ is the product of F~m~ and F; F~m~, fraction of 3,4‐DAP converted to its metabolite (3‐Ac DAP); K~A~, absorption rate; RSE, relative standard error; SCR, serum creatinine; V~c~/F, V~p~/F and V~m~/F~3ACDAP~, volume of distribution (L) for central compartment, parent, and metabolite respectively.

^a^Population estimates for CL/F, V/F, and CL~m~/F~3ACDAP~ were scaled using the median weight of 82 kg: CL (L/h)=90\*(WT/82)^0.75^;V~p~/F(L)=669\*(WT/82); CL~m~/F~3ACDAP~ (L/h)=20.5\*(WT/82)^0.75^\*(0.8/SCR)^0.7^. WT is the body weight. ^b^A nonparametric bootstrap analysis of the final model was performed with 500 replicates. ^c^The following mathematical relationship describes the exponent for SCR on CL~m~/F~3ACDAP~: CL~m~/F~3ACDAP~ (L/h)=20.5\*(WT/82)^0.75^\*(0.8/SCR)^0.7^, where 0.8 is the median serum creatinine in mg/dL. ^d^Correlation coefficient for CL and V~c~ between subject variability parameters: 0.53.

The diagnostic plots for the final population PK model are shown in **Figure** [2](#psp412218-fig-0002){ref-type="fig"} **and Supplementary Figure S2**. Some model misspecification is observed at the higher and lower concentration range of the 3,4‐DAP observations vs. individual predictions and population predictions plots. The VPCs indicated that the final model described the PK data adequately (**Figure** [2](#psp412218-fig-0002){ref-type="fig"} **c**). In both VPCs, there was good agreement between the 2.5th and 50th percentile for the simulated and observed data, but the variability is slightly overestimated (as reflected by comparison of the 97.5th percentiles). The median values from the bootstrap analysis are close to the final model estimates, but the wide confidence intervals are possibly due to the small sample size. Individual EBEs of PK parameters obtained using the final populations PK model are summarized in **Supplementary Table S2**.

![(**a**) The 3,4‐diaminopyridine (3,4‐DAP) and (**b**) 3‐N‐acetyl‐3,4‐diaminopyridine (3‐Ac DAP) population and individual predictions vs. observations (nM). (**c**) Visual predictive check for 3,4‐DAP and 3‐Ac DAP using final population pharmacokinetic model. The solid black line in **a** and **b** is the line of unity. The shaded region in **c** denotes the 95% prediction interval.](PSP4-6-625-g002){#psp412218-fig-0002}

Sequential PK/PD model development and evaluation {#psp412218-sec-0014}
-------------------------------------------------

A fractional inhibitory E~max~ model characterized the exposure‐response relationship well. No covariates resulted in statistically significant reduction in the OFV. The final population PK/PD model parameters are shown in **Table** [3](#psp412218-tbl-0003){ref-type="table-wrap"}. The concentration‐response relationship is characterized according to the following equation: Effect (sec)=18.2\*\[1−(0.816\*C~p~)/(29.8+C~p~)\] with EC~50~ expressed in ng/mL. The corresponding EC~50~ value in nM is 273 nM. Diagnostic plots for the sequential PK/PD model are shown in **Figure** [3](#psp412218-fig-0003){ref-type="fig"} **a and Supplementary Figure S3**. The model describes the data adequately, although some misspecification was observed for a limited number of average 3TUG values \>20 seconds. The VPC indicated that the final PK/PD model described the data adequately (**Figure** [3](#psp412218-fig-0003){ref-type="fig"} **b**); however, a comparison of the 97.5th percentiles for the observed and simulated data indicates overestimation of the variability. Thus, the results of the stochastic dosing simulations need to be interpreted with caution. The η‐shrinkage estimates for the BSV parameters on fractional E~max~, EC~50~, and E~0~ were 20%, 30%, and 1%, respectively, and the ɛ‐shrinkage was 3%. Individual EBEs of PD parameters obtained using the final population PK/PD parameters are summarized in **Supplementary Table S2**.

![(**a**) Population and individual predictions vs. observations for observed average Triple Timed Up & Go (3TUG) (sec) and (**b**) visual predictive check for the final population pharmacokinetic/pharmacodynamic model. The shaded region in **b** denotes the 95% prediction interval. The molecular weights of 3,4‐diaminopyridine (3,4‐DAP; 109.13 g/mol) was used for conversion to nM such that concentrations in ng/mL are nM\*109.13/1,000 for 3,4‐DAP. Observed 3TUG data points that were above 65 seconds (2 points (0.2%) of 1,091 points) were excluded in these figures for better visualization of the data.](PSP4-6-625-g003){#psp412218-fig-0003}

###### 

Population PK/PD final model parameter estimates

                                                                     Final model   Bootstrap[^a^](#psp412218-note-0007){ref-type="fn"}                     
  ------------------------------------------------------------------ ------------- ----------------------------------------------------- -------- -------- ---------
  Fractional E~max~                                                  0.816         16                                                    0.623    0.803    0.984
  EC~50~, ng/mL                                                      29.8          36                                                    17.5     29.1     52.9
  E~0~, sec                                                          18.2          11.5                                                  14.8     18.0     23.7
  Between subject variability, %CV                                                                                                                         
   Fractional E~max~ (%)[^b^](#psp412218-note-0007){ref-type="fn"}   41 (2.93)     71                                                    (0.35)   (2.84)   (12.85)
   EC~50~, %                                                         88.3          63                                                    16.4     84.0     358.5
   E~0~, %                                                           71.3          61                                                    33.0     69.7     111.1
  Residual error                                                                                                                                           
   Proportional error, %                                             21.4          31                                                    14.3     20.8     27.7

CV, coefficient of variation; EC~50~, the 3,4‐diaminopyridine (3,4‐DAP) concentration that produces 50% of E~max~; E~0~, baseline Triple Timed Up & Go in the absence of 3,4‐DAP; Fractional E~max~, the fraction of maximum effect from the baseline; RSE, relative standard error.

^a^A nonparametric bootstrap analysis of the final model was performed with 500 replicates. ^b^%CV for E~max~ based on 1,000 simulations (SD(E~max,i~)/mean(E~max,i~)), the variance for the logit transform of E~max~ is shown in parentheses.[33](#psp412218-bib-0033){ref-type="ref"}

Dosing simulations {#psp412218-sec-0015}
------------------

**Table** [4](#psp412218-tbl-0004){ref-type="table-wrap"} summarizes the percentage of virtual patients that achieved a greater than 10, 20, and 30% improvement in 3TUG with 3,4‐DAP dosing 3 to 6 times daily. The majority of virtual patients (\>90%) had greater than 10% and 20% improvement in 3TUG times. A 20‐mg 5 or 6 times daily dosing regimen resulted in a 30% improvement in 3TUG in \>88% of virtual patients. To achieve improvements of \>50%, more frequent dosing would be required. Based on the simulations, there is an improvement in 3TUG in the majority of patients at one of the simulated time points, but a sustained improvement in this measure is observed in few virtual patients (**Supplementary Table S3**). The simulated sustained 3TUG percentage change from baseline seems to be higher during the first 2 hours after the last dose for the 20‐mg 4 times daily dosing regimen (**Supplementary Figure S4**). These findings support that some patients will need higher doses or more frequent dosing to achieve greater improvements in 3TUG from baseline.

###### 

Simulated percentage of patients with improvement in average 3TUG response

  Total oral daily dose   Improvement in 3TUG from baseline (therapeutic regimen)   \>10%    \>20%   \>30%   \>50%
  ----------------------- --------------------------------------------------------- -------- ------- ------- -------
  15 mg                   5 mg 3 times daily                                        99.7%    92.8%   60.2%   2.5%
  30 mg                   10 mg 3 times daily                                       99.8%    95.0%   67.8%   6.1%
  60 mg                   20 mg 3 times daily                                       99.9%    97.1%   77.8%   14.4%
  60 mg                   15 mg 4 times daily                                       99.9%    96.9%   78.7%   16.8%
  75 mg                   15 mg 5 times daily                                       99.9%    97.8%   85.5%   29.8%
  80 mg                   20 mg 4 times daily                                       99.9%    97.8%   82.9%   23.0%
  90 mg                   30 mg 3 times daily                                       100.0%   98.1%   83.5%   22.4%
  100 mg                  20 mg 5 times daily                                       99.9%    98.5%   89.2%   38.0%
  120 mg                  20 mg 6 times daily                                       99.9%    98.3%   88.9%   39.5%
  120 mg                  30 mg 4 times daily                                       100.0%   98.6%   88.4%   33.8%

3TUG, Triple Timed Up & Go.

DISCUSSION {#psp412218-sec-0016}
==========

LEM is a rare autoimmune disorder characterized by impaired mobility and muscle weakness. Currently, there is no well‐defined efficacy measurement and different end points, such as compound muscle action potential, isometric muscle strength, and 3TUG, have been used to assess improvement in mobility of patients with LEM.[12](#psp412218-bib-0012){ref-type="ref"}, [16](#psp412218-bib-0016){ref-type="ref"} In clinical practice, 3,4‐DAP free base is titrated in each patient based on clinical response, but the optimum starting dose and dosing regimen for chronic treatment are unknown. Performing PK/PD studies in this patient population is challenging due to the limited number of patients with the condition, varying disease status, and lack of a well‐defined metric to assess drug efficacy. The current analysis investigates the effect of changing or tapering the dose and the impact of potential covariates on the PK/PD of 3,4‐DAP free base in the largest number of patients with LEM studied to date. The PK/PD model was applied to identify a suggested dosing approach for 3,4‐DAP free base in patients with LEM.

The population estimates obtained in our study (3,4‐DAP V~c~/F and CL/F of 24 L and 90 L/h, respectively) are comparable to the previously published values for patients with LEM (34 L and 118 L/h).[12](#psp412218-bib-0012){ref-type="ref"} The PK component of the model included TBW and SCR as significant covariates that explain BSV in the PK of 3,4‐DAP and 3‐Ac DAP, respectively. Previous findings suggest that the majority of 3,4‐DAP is eliminated renally as 3‐Ac DAP and this explains the role of SCR as a predictor of metabolite clearance.[11](#psp412218-bib-0011){ref-type="ref"} However, a formal renal impairment study has not been performed and it is currently unknown whether dosing adjustments are needed. Additional covariates, such as age, gender, and genotype status, were tested and not found to be significant covariates in this population. In a previous study, NAT2 genotype was reported to play a role in the PK profile of 3,4‐DAP phosphate.[11](#psp412218-bib-0011){ref-type="ref"} In our study, genotype status was available for a limited number of patients (11/49) and this may explain the lack of an association in this study. Further studies are required to investigate the association of 3,4‐DAP free base and NAT2 genotype status. In the PD model, there was a lack of relationship between the average 3TUG effect and covariates, such as TBW, age, gender, SCR, and concomitant medications, which suggests that none of these clinical variables were important predictors of BSV in the 3TUG response.

Our results show that a concentration‐response relationship was achieved with 3TUG measurements. The 3TUG is a useful study endpoint in patients with LEM because it is a quick and noninvasive test that measures clinically relevant changes in patient\'s mobility and has been successfully demonstrated to be a primary outcome measure in geriatric studies and LEM.[18](#psp412218-bib-0018){ref-type="ref"}, [19](#psp412218-bib-0019){ref-type="ref"}, [23](#psp412218-bib-0023){ref-type="ref"} Consistent with our study findings, a concentration‐response relationship was observed in a previous study of 3,4‐DAP free base using dynamometry and compound muscle action potential.[12](#psp412218-bib-0012){ref-type="ref"}

Different methods can be used to handle the BQL data. Although, in the current analysis, BQL samples were imputed to 0, we ran the final model after discarding the BQL samples and compared the parameter estimates. We found that the parameter estimates using both the methods were similar, which is consistent with the limited number of BQL samples in our data set (26 samples (2% of total samples)). Similarly, given that the majority of 3,4‐DAP is converted to 3‐Ac DAP, we fixed the F~m~ to 1, but also compared our results with fixing F~m~ to 0.81 based on previous findings and incorporating an additional clearance route.[11](#psp412218-bib-0011){ref-type="ref"} Based on the results, the population estimates and range of individual EBEs for PK/PD parameters, as well as the diagnostic plots and OFV, were comparable between the two models.

We performed simulations using multiple daily dosing regimens. Our simulation strategy corresponds with a clinically used approach for oral dosing of 3,4‐DAP free base starting with 5--10 mg doses administered 3 times daily to achieve \>10 and 20% improvement in 3TUG and titrating the dose based on the observed response. A majority of the simulated patients (\>90%) had 10% and 20% improvement in 3TUG times with all simulated dose regimens. Dose increases up to 20 mg 5 or 6 times or 30 mg 3 or 4 times daily resulted in the vast majority of virtual patients achieving a clinically relevant 30% improvement. The simulations show that more frequent dosing would be required to achieve greater 3TUG improvement from baseline. These findings are consistent with previous studies showing favorable effects in patients with LEM treated with 10 mg i.v. dose of 3,4‐DAP (suggested to be equivalent to ∼30 mg oral dose, administered 2--3 times).[12](#psp412218-bib-0012){ref-type="ref"}, [37](#psp412218-bib-0037){ref-type="ref"}

CONCLUSIONS {#psp412218-sec-0017}
===========

A population PK/PD model was developed using data collected from a phase II study in patients with LEM. A concentration‐response relationship was observed with 3,4‐DAP free base in patients with LEM using the 3TUG assessment. Simulations showed that starting doses of 5 mg or 10 mg 3 times daily are likely to achieve a response in the majority of patients with LEM. Further dose increases to 20 mg up to 5 or 6 times daily or 30 mg 3 or 4 times daily may be warranted to optimize the response. The model predicts that even at total daily doses of 100 mg (maximum dose actually studied in DAPPER), 12% of patients with LEM may not experience a 30% improvement in 3TUG.

Supporting information
======================

Additional Supplementary Information may be found in the online version of this article.
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**Supplementary Figure S1** Schematic representation of overall study design. (**a**) Different stages of the DAPPER trial. (**b**) Patients were randomized to either group A (continue active 3,4‐diaminopyridine (3,4‐DAP) or group B (withdrawal of 3,4‐DAP).
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Click here for additional data file.

###### 

**Supplementary Figure S2** Conditional weighted residuals (CWRES) vs. time (h) and population predictions (nM) for (**a**) 3,4‐diaminopyridine (3,4‐DAP) and (**b**) 3‐N‐acetyl‐3,4‐diaminopyridine (3‐Ac DAP).
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**Supplementary Figure S3** Conditional weighted residuals (CWRES) vs. time (h) and population predicted Triple Timed Up & Go (3TUG; sec).
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Click here for additional data file.
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**Supplementary Figure S4** Simulated percent change in sustained Triple Timed Up & Go (3TUG) from baseline for 20 mg four times daily dosing regimen.
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Click here for additional data file.
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Supplementary Table S1 Summary of covariate analysis for population PK model development
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Supplementary Table S2 Summary of individual empirical Bayesian parameter estimates for (a) PK model and (b) PK/PD model
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Supplementary Table S3 Simulated percentage of patients with sustained improvement in average 3TUG response
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Click here for additional data file.
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Supplementary Information S1 Additional methods description
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Click here for additional data file.

###### 

Supplementary Information S2 Final population PK and PK/PD model control streams
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Click here for additional data file.
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